Chemical carcinogens such as the aromatic amide 2-acetylaminofluorene (AAF) are known to induce -1 frameshift mutation hotspots at repetitive sequences. This mutagenesis pathway was suggested to involve slipped intermediates formed during replication. To investigate the stability and structure of such intermediates we have constructed DNA duplexes containing single AAF adducts within a run of three guanine residues. The strand complementary to that bearing the AAF adducts contained either the wild-type sequence (homoduplexes) or lacked one cytosine directly opposite the run of guamnes containing the AAF adduct and thus modeled the putative slipped mutagenic intermediates (SMIs). The melting temperature of AAF-modified homoduplexes or the unmodified SMI was reduced by 410°C relative to the unmodified homoduplex. Surprisingly, AAF adducts stabilized the SMIs as evidenced by an increase in melting temperature to a level approaching that of the unmodified homoduplex. The chemical probes hydroxylamine and bromoacetaldehyde were strongly reactive toward cytosine residues opposite the adduct in AAFmodified homoduplexes, indicating adduct-induced denaturation. In contrast, no cytosine reactivities were observed in the AAF-modified SMIs, suggesting that the two cytosines were paired with unmodified guanines. Use ofdiethyl pyrocarbonate to probe the guanine residues showed that all three guanines in the unmodified SMI adopted a transient single-stranded state which was delocalized along the repetitive sequence. However, when an AAF adduct was present, reduced diethyl pyrocarbonate reactivity at guanines adjacent to the adduct in AAFmodified SMIs reflected localization of the bulge to the adducted base. Our results suggest that AAF exerts a local denaturing and destabilizing effect within the homoduplex which is alleviated by the formation of a bulge. The stabilization by the AAF adduct of the SMIs may contribute to the dramatic increase in -1 frameshift mutation frequency induced by AAF adducts in repetitive sequences.
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The aromatic amide 2-acetylaminofluorene (AAF) is a potent carcinogen that binds primarily to the C8 position of guanine to form N-(2'-deoxyguanosin-8-yl)-2-acetylaminofluorene adducts (1) . Although damage distribution studies have shown that AAF binds approximately equally to all guanine residues (2) , forward mutational spectra demonstrate that 90% of the mutations induced by AAF in Escherichia coli are -1 and -2 frameshifts which occur within contiguous sequences of guanine residues and within short alternating GC sequences such as the Nar I sites, respectively (3) . The frequency of AAF-induced mutations at both types of mutational hotspot is enhanced by SOS induction, but only -1 frameshift mutagenesis requires the direct participation of
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RecA and UmuC/D proteins. Mutagenesis at alternating GC sequences is entirely umuC/D-independent and is also recAindependent in bacteria that constitutively express SOS functions as in a lexA(Def) strain (4) .
Homopolymeric runs have long been recognized as hotspots for frameshift mutations that occur spontaneously (5, 6) or that are induced by intercalating agents and some mutagens which bind covalently to DNA (3, (7) (8) (9) (10) . In the classical Streisinger frameshift mechanism, strand slippage within repetitive sequences produces intermediate structures containing a bulge which are stabilized within repetitive sequences by the formation of normal base pairs on either side of the bulge. To explain frameshifting by chemicals, such as AAF, whose DNA adducts impede DNA synthesis, we proposed an incorporation-slippage mechanism wherein the insertion of cytosine opposite the adducted guanine residue precedes strand slippage (9). In this model the misaligned intermediates resulting from slippage are stabilized by the formation of normal G'C base pairs between the terminal cytosine residue on the primer strand and a guanine residue 5' to the adduct on the template strand. We postulated that the AAF adduct plays at least two specific roles in promoting frameshift mutagenesis. First, the adduct allows accurate insertion of cytosine opposite the lesion during DNA synthesis, probably because modification at the C8 position of guanine does not interfere with G-C hydrogen-bonding groups. Second, the adduct hinders elongation, and so the transient stalling of DNA synthesis increases the opportunity for strand slippage to occur.
Here we focus on the structure and stability, tTo whom reprint requests should be addressed. Biosystems instrument using standard phosphoramidite chemistry. The desired products were purified as single bands in polyacrylamide gels. The 14-mer d(ATACCC-G1G2G3ACATC) was modified with N-acetoxy-AAF as described (9). Unmodified 14-mer [14G°] and oligonucleotides modified at G' (14G'-AAF), G2 (14G2-AAF), or G3 (14G3-AAF) were separated by reversed-phase HPLC on a C18 Nucleosil column and the position of the adduct was verified by cleavage at the site of modification with piperidine (14).
A Homoduplexes
DNA duplexes (138-mers) were constructed from several different oligonucleotides essentially as described (15) (Fig.  1B) . The duplexes differed only at the site of the mutational hotspot: the position of the adduct was determined by the 14-mer (14G°, 14G'-AAF, 14G2-AAF, 14G3-AAF) used to construct the adduct-bearing strand; the opposite strand was constructed by using an 82-mer (for homoduplexes) or an 81-mer with deletion of a cytosine residue (81-merAC) (for SMIs). Duplexes were assembled from oligonucleotides 62A-mer, 62B-mer, and 56-mer, oligonucleotides 82-mer or 81-merA&C, and the appropriate 14-mer (Fig. 1B) . Following hybridization and ligation of the oligonucleotides, the fulllength products were purified by electrophoresis in a denaturing 8% polyacrylamide gel (19:1 acrylamide/methylenebisacrylamide weight ratio). Bands were cut out and the DNA was eluted from the gel slices in buffer containing 0.5 M sodium acetate (pH 6.0) and 1 mM EDTA (pH 8.0). DNA was recovered by ethanol precipitation and the pellet was resuspended in 9 mM Tris HCl, pH 8.0/0.9 mM EDTA, pH 8.0/0.1 M NaCl. DNA was incubated at 70°C and slowly cooled to room temperature. The complete hybridization of the labeled strand was verified by electrophoresis in a nondenaturing 8% polyacrylamide gel (30:0.8 acrylamide/methylenebisacrylamide weight ratio).
Chemical Modifications. The 138-mer DNA duplexes were used as substrates for chemical probing reactions using diethyl pyrocarbonate (DEPC) and hydroxylamine (HA). Reactions were for 15 min (DEPC) and 30 min (HA) at 37°C as described (16). Bromoacetaldehyde (BAA) was prepared by gentle hydrolysis for 1 hr by refluxing BAA dimethyl acetal (Aldrich) with an equal volume of 0.5 M H2SO4 (protocol adapted from ref. 17). The hydrolysate was distilled under atmospheric pressure and the fractions which boiled between 75°C and 80°C were collected. The distillate was neutralized to pH 7 by dropwise addition of 1 M NaOH. The presence of BAA was verified on NMR spectra collected in 2H20 on a Bruker WP-200SY spectrophotometer. The reaction of BAA with DNA was for 30 min at 20°C as described (18). All the probing reactions were terminated by addition of 5 pg of carrier tRNA, 0.3 M sodium acetate (pH 6.0), and 3 volumes of ethanol. Precipitated DNA was recovered by centrifugation, washed twice with ethanol, and dried.
To induce strand scission at the site of chemical modification, the DNA was suspended in 1.2 M piperidine/28 mM 2-mercaptoethanol and incubated at 90°C for 15 min. After precipitation of DNA and centrifugation, the pellet was carefully washed twice with ethanol and dried. The DNA was resuspended in formamide loading buffer and the site of strand scission was determined by comigration with MaxamGilbert sequencing ladders of the appropriate strand in a denaturing 8% polyacrylamide gel (19).
Quantification of Chemical Modifications. The relative reactivity ofresidues in the vicinity ofthe modified guanine was measured with a Fuji Bio-Imager BAS-2000 after appropriate normalization using bands located outside of the AAFinduced perturbation. This method was applied to DEPC probing. However, for HA and BAA probing experiments, reactivities of cytosines were for some residues too low to be measured significantly. Quantification of the reactive cytosines in AAF-modified duplexes was obtained by setting arbitrarily the strongest reactivity as 10.
Thermal Denaturation. Melting experiments were done using short DNA duplexes comprising the 14-mers (14G°, 14G1-AAF, 14G2-AAF, 14G3-AAF) and either the complementary 14-mer(c) [SMIs] (Fig. 1A) . The DNA duplexes were buffered with 100 mM sodium phosphate (pH 7.0). Before the melting experiments were conducted, the duplexes were heated to 65°C for 10 min and then slowly cooled to 15°C to ensure efficient annealing of the DNA. Thermal denaturation was monitored at 260 nm on a Varian Cary 3 spectrophotometer equipped with a circulating water heating/cooling accessory. The temperature change was 1°C/min from 15°C until thermal denaturation was completed.
RESULTS
To enhance our understanding of the slipped-intermediate structures which are believed to be responsible for AAFinduced -1 frameshift mutations, we have analyzed the stability and structure of DNA duplexes containing single AAF lesions within the mutational hotspot 5'-G1G2G3-3'. The duplexes differ with respect to the position ofthe AAF adduct and with respect to the nature ofthe sequence on the opposite strand: (i) DNA homoduplexes (HO corresponds to the unmodified substrate, whereas Hi, H2, and H3 correspond to substrates modified at G', G2, and G3, respectively) contain the wild-type sequence on both strands and represent the duplex structure prior to replication or immediately following error-free translesion bypass, and (ii) the duplexes TO, Ti, T2, and T3 lack a cytosine residue immediately opposite the modified guanine residue in the complementary strand and are used as models for the putative slipped intermediates which give rise to targeted -1 frameshift mutations. Stability was monitored by measuring the melting temperature (T.) of short DNA duplexes. The structures ofthe mutation hotspots situated within the 138-mer duplexes HO-H3 and TO-T3 were studied by using the chemical probes DEPC, HA, and BAA.
Thermal Denaturation of SMIs. Oligonucleotides 14G°, 14GL-AAF, 14G2-AAF, and 14G3-AAF were each hybridized to the complementary 14-mer [14-mer(c)] and 13-mer [13-merAC(c)] to produce homoduplexes and SMIs, respectively (Fig. 1) . Unmodified duplexes showed Tm values of 54.5°C and 43.5°C for the 14G°/14-mer(c) and 14G0/13-merAC(c) duplexes, respectively (Table 1) . These results clearly demonstrate that an unmodified bulge base destabilizes the duplex. On the other hand, in agreement with previous observations (20) , AAF modification on G1, G2, or G3 within the homoduplex reduced the Tm by about 10°C (Table 1 ). In contrast, AAF modification of the duplexes containing the bulged G [in the SMI series 14G-AAF/13-merAC(c)] resulted in an increase of the duplex stability relative to the corresponding unmodified SMI by 10.5°C, 6.5°C, and 6.5°C, respectively (Table 1 ). This observation shows that the presence of an AAF adduct within a bulge has a stabilizing effect on the DNA duplex.
Chemical Probing of Adduct-Induced DNA S res. The chemical probes used in these studies react at specific positions of bases depending upon the three-dimensional structure of the Ni and N6 (23, 24) . DEPC reacts with purines by carboxyethylation at the N7 position. In relaxed B-DNA, all purines are reactive to a small extent (16); enhanced reactivity is observed at purines in the syn conformation within Z-DNA, or in single-stranded DNA (16, 25) .
Reactivities toward HA and BAA. Within the homoduplexes H1-H3, the three cytosines located in the complementary strand immediately opposite the AAF adducts were up to 40-fold more reactive toward HA than was observed within the unmodified homoduplex, HO (Fig. 2) , showing that the presence of an AAF adduct at any of the three guanine residues within the homoduplex has a strong denaturing effect over a range of at least three bases in the complementary strand. However, in the duplexes containing an AAF modification of the bulged guanine residue (as in the SMI series T1-T3), neither of the cytosine residues in the complementary strand showed greater reactivity to HA than the modified duplexes H1-H3 (Fig. 2) . This suggests that the structural perturbation induced by AAF in the homoduplexes does not occur within T1-T3. Instead, the two cytosines situated in the complementary strand of AAF-modified SMIs appear to be involved in a more stable duplex in which the single-stranded nature of these residues is minimal. Melting experiments were performed in 100 mM sodium phosphate buffer at pH 7. Each determination has been duplicated. The precision of the determination is +0.5°C. Similar results were obtained when both the homoduplexes and the SMIs were probed with BAA (Fig. 3) . In modified homoduplexes, the highest reactivity was observed at the cytosine residue directly opposite to the modified guanine, whereas the 5' and/or 3' neighboring cytosines were somewhat less reactive. No significant reactivity of the cytosine residues was observed in the SMI senes, suggesting again that these cytosines are base-paired.
No reactivity with HA or BAA was detected on the adduct-bearing strand of any of the homoduplexes or SMIs, regardless of the position of the DNA adduct (Fig. 3) .
Reactivities Toward DEPC. We used DEPC to probe the purine residues in the vicinity of the AAF adduct. On the adduct-bearing strand, the presence of AAF adducts within the homoduplexes did not increase the relative reactivity of guanine residues containing the AAF adducts or flanking the adducts. A slight increase in reactivity toward DEPC was observed at the two adenine residues 3' to the adduct in H3, which might indicate a mild distortion of the regular double helix in this construction. In the series of SMIs, DEPC reacted to the greatest extent with guanine residues in the TO construct: the reactivity increased 3.5-, 6-, and 5.8-fold relative to the HO duplex at positions G1, G2, and G3, respectively. The adenine 3' to the run of guanines also exhibited increased reactivity (Fig. 3) . These results suggest that, in the unmodified SMI, the bases within the run adopt a transient single-stranded state which is delocalized along the length of the repetitive sequence. AAF modification of the SMI at any of the three guanine positions lowers the reactivities of all the guanines within the repetitive sequence, as well as the reactivity of the 3' adenine, to levels approaching those ofthe normal double-stranded DNA (HO). This may reflect a structural organization induced by the AAF adduct on the DNA duplex structure in the vicinity of the additional base. However, we cannot rule out the possibility that the decreased reactivity toward DEPC is due to steric hindrance by the aromatic core of the AAF moiety.
DEPC reactions on the complementary strand revealed that only the guanine complementary to the cytosine situated 5' to the AAF adduct on G1, in both Hi and Ti substrates, was hyperreactive (Fig. 3) . Previous studies in our laboratory have shown that, in AAF-modified homoduplexes containing the Nar I mutation hotspot 5'-CCG1G2CG3CC-3', similar reactivity to DEPC as that observed here was seen at the COG base pairs (underlined) immediately 5' to AAF adducts at G1 and G3 (18). Thus, this pattern of reactivity appears to be characteristic ofAAF adducts in 5'-CpG-3' dinucleotide units and may reflect a local conformational change (anti to syn) within the dinucleotide, exposing the N7 position of the nonadducted guanine (16) . DISCUSSION
In agreement with previous observations (13, 18, 20) , the chemical probing and thermal denaturation experiments described in this paper provide strong evidence that the introduction of AAF into homoduplexes destabilizes the local DNA structure. The strong reactivity of both HA and BAA toward the cytosines opposite the AAF adducts in H1-H3 suggests that AAF modification at any position within the contiguous run creates a denaturation bubble of three residues (Fig. 3) . The reduction in Tm of the modified homoduplexes by an average of 10°C relative to the unmodified homoduplex is entirely consistent with the chemical probing results. Although the lack of reactivity of HA and BAA toward atoms immediately 5' or 3' to the run of guanine residues containing the AAF adducts suggests that the AAFinduced denaturation is largely localized to the homopolymeric sequence, some distortion also occurs in flanking sequences, as evidenced by the reactivity of DEPC toward the two adenine residues 3' to the AAF adduct in H3 and toward the guanine residue situated opposite the cytosine 5' to the AAF adduct in Hi. In an NMR study of an ii-mer containing an aminofluorene adduct at C8 of a guanine opposite adenine, the N-(2'-deoxyguanosin-8-yl)-2-aminofluorene residue was shown to assume a syn conformation with the aminofluorene ring positioned in the minor groove (26). Modeling studies of complementary 9-mers containing a single AAF adduct were also consistent with a model in which the aromatic AAF moiety was wedged into the minor groove to minimize contact with the solvent (27). Consistent with a minor-groove location for the AAF moiety, we observed no screening effects on the chemical reactivity of HA, which interacts with atoms in the major groove.
In the unmodified SMI [14G0/13-merAC(c)], the presence of a bulge results in a reduction in the Tm of 11iC, relative to unmodified homoduplex, and enhances the reactivity of DEPC toward all the guanine residues situated within the bulge in the corresponding TO construct (Fig. 3) . In TO, only slight reactivity toward HA or BAA is observed at the two cytosine residues in the complementary strand, suggesting that they are paired with the bases situated within the repetitive guanine sequence. The observed destabilization and the pattern of chemical reactivity are consistent with rapid formation/disruption of base pairs between the cytosine residues and any two of the three unmodified guanine residues, a dynamic process which would allow rapid migration of the bulge along the homopolymeric sequence, as previously described (28) . The introduction of a single AAF adduct at any position within the repetitive guanine sequence ofa SMI induces a significant structural reorganization within the bulge-containing duplex, as evidenced by several observations. First, in marked contrast to cytosine residues in the complementary strand of AAF-modified homoduplexes, the cytosines in T1-T3 exhibit only very minor reactivity toward BAA and HA. Second, the Tm values of the corresponding shorter SMIs [14G1-AAF/13-merAC(c), 14G2-AAF/13-
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FIG. 4. AAF-induced versus spontaneous -1 frameshift mutations. In the AAF-induced slippage pathway, the following steps can be distinguished: incorporation of cytosine across from the AAF adduct (step 1) and as a consequence of the (G-AAF/C) mispair at the primer-terminus the elongation step is slowed down (step 2) allowing for an increased time during which slippage can occur. In addition to this kinetic factor, the AAF adduct favors thermodynamically the slippage event by virtue of its denaturing effect on homoduplexes (step 3) and its stabilization of the slipped intermediate (step 4). On the other hand, in the spontaneous slippage pathway the slipped primer-terminus intermediate is highly unstable. Both kinetic and thermodynamic features related to the presence of the adduct contribute to the 103-to 104-fold increase in -1 frameshift mutations induced by AAF adducts as compared to the corresponding spontaneous frequency. merAC(c), and 14G3-AAF/13-merAC(c)] are increased significantly relative to either the unmodified SMI or the AAFmodified homoduplexes and indeed approach that observed for the unmodified homoduplex [14G°/14-mer(c)]. Finally, the reactivity of DEPC toward unmodified guanine residues adjacent to the DNA adduct is reduced to levels observed in the unmodified homoduplex HO, except for Ti. Taken together, these results suggest that the AAF adduct stabilizes the DNA duplex containing the additional guanine by localizing the bulge to the adducted guanine residue.
The present results enhance our understanding of the mechanism of AAF-induced frameshift mutagenesis. We previously demonstrated that, with respect to targeted -1 frameshift mutagenesis, there is a strong positional effect of AAF adducts within the sequence 5'-G1G2G3-3', with mutagenicity increasing in the order G1-AAF < G2-AAF < G3-AAF (9). This observation is not specific to the 5'-G1G2G3-3' sequence, since the same positional effect of the adduct has been observed in experiments in which the length of the repetitive guanine sequence and the nature of the bases flanking the homopolymeric run have been systematically altered (ref. 9; R. L. Napolitano, I.B.L., and R.P.P.F., unpublished work). The results presented in this paper show that a stable adducted bulge can be formed at any position within the run. Indeed, as judged from Tm measurements and chemical probing experiments, all AAF-modified SMIs are stabilized relative to the unmodified SMI to a similar extent and reach a stability close to that of the unmodified homoduplex ( Fig. 3 and Table 1 ). However, due to the 5' -+ 3' polarity of DNA replication, only SMIs containing at least one guanine residue 5' to the adducted guanine (as in T2 and T3) can form a terminal G-C base pair after slippage and can therefore occur in vivo. The greater frequency of mutation induced by adducts on residues with two 5' guanines (as occurs with G3-AAF) as opposed to one 5' guanine residue (in the case of G2-AAF) is thought to be related to the increased number of slipped intermediates that can be formed in G3-AAF-as compared to G2-AAF-containing plasmids (9) .
The slipped intermediates can form only during the time between incorporation of cytosine opposite the adduct and replication over the entire repetitive sequence. The ability of the adduct to direct incorporation of cytosine and to stall replication as a consequence ofthe (G-AAF/C) mispair at the primer-terminus decreases the rate of elongation and increases the time frame for slippage to occur as compared to the situation without adduct (steps 1 and 2 in Fig. 4 ). In addition, we now show that AAF adducts have two additional features that facilitate the formation of the slipped intermediates: they exhibit a denaturing effect on homoduplexes and they stabilize the slipped intermediates (steps 3 and 4, respectively, in Fig. 4 ). We suggest that both these kinetic and thermodynamic features contribute to the 1O3-to 104-fold increase in -1 frameshift mutations induced by AAF adducts as compared to the corresponding spontaneous frequency.
P. Belguise-Valladier and E. Bertrand are gratefully acknowledged for advice on experimental procedures and J. Lindsley for critical reading of the manuscript. I.B.L. was supported by a grant from La Ligue Nationale Contre le Cancer. This work was partly supported by a grant from the Association pour la Recherche contre le Cancer.
